INTRODUCTION
For a number of years, single event upset (SEU) experiments have shown that single energetic particles such as electronsl, protons2-4, helium ions5-9, and heavier ions 0-12 can produce non-permanent changes in data patterns in integrated circuit random access memories. In the course of determining upset sensitivities, total damage is accumulated. The question arises whether the upset rate is changed by this total dose damage. If the SEU sensitivity does change with total dose, it may be difficult to obtain adequate statistical accuracy on the upset rate of an upset resistant device without changing the rate as a result of the measurement. The answer to this question is also important from an operational point of view. For example, the electronics in a satellite which passes through the earth's radiation belts will exhibit total dose degradation, mainly due to trapped electrons, and may be susceptible to SEU's, mainly due to trapped protons.
As the total dose accumulates over time, the characteristics of individual device components will change, and these changes may alter the SEU upset sensitivity. It is important for a system such as this to know if the SEU sensitivity of a particular device is affected by total dose exposure.
This work reports on an investigation of the effect of total dose exposure on the sensitivity of metal-oxide-semiconductor (MOS) dynamic random access memories (dRAMs). MOS dRAMs have been chosen because they are known to be sensitive to SEU and a large amount of data has been published on these devices5-9. In the present experiment 4He ions and cobalt-60 gamma rays have been used to deposit total dose and 4He ions have been used to measure the SEU rate on 16K dRAMS from two manufacturers.
Since the total dose degradation of these devices will depend on their operational mode, they were irradiated both powered and unpowered. In The MOS dRAMS were tested in a microcomputer test system which has been previously described7-9. The devices were filled with either all O's or all l's and checked for changes. The devices were operated at specified voltage levels with a refresh period of about 1 millisecond. The devices were decapped just prior to the experiment. The 16K dRAMS are of the 4116 type manufactured by Texas Instruments (TI) and Motorola.
Total dose accumulation was accomplished in two ways: by exposure either to cobalt-60 gamma rays from a low flux gamma cell or to ions (protons or helium ions) from the NRL Microbeam.7,8 Dose rates were of the order of 50 rad(Si)/second for the helium ions and 0.7 rad(Si)/second for the gamma rays. The devices were exposed in steps such that device failure took place after 5 to 20 steps. The exposures were under powered and unpowered conditions with the powered devices exposed such that all l's or all O's were stored in the memory during alternate radiation exposures.
In the case of the ion exposure, in some cases certain areas of the device were masked from the beam using a metal foil mask. The cobalt-60 exposures were performed with the caps taped onto the devices with the devices behind about 6 mm of aluminum for establishing approximate electronic equilibrium and to shield against low energy electrons. Thermoluminescent dosimeters were used to establish the dose rate. The ion exposures were performed in the vacuum of the microbeam facility with the caps removed. Reading and writing are accomplished by selecting a particular cell via a word line thru a transistor gate and sensing or writing a cell via a bit line.
As indicated in Figure 1 for the particular design of dRAM used in these experiments, the word lines are metal, the bit lines are diffused and the capacitors and transistor gates are formed with polysilicon on a p-type substrate to form n-channel MOS. Figure 4 is the result of cobalt-60 irradiation of a device with power off. The same general features are seen as for Figure 3 except that now the device failed at about 3.0 krad(Si). upset rate. Continued exposure, however, resulted in a continued decrease. After 35 krad(Si) exposure, the mask was removed. Note that the upset rate for the 00 fill increased indicating that some upsets are due to hits on the sense amplifiers and that the upset rate continued to decrease with continued exposure. Also note that the FF upset rate became measureable after mask removal and that it increased somewhat with total dose exposure, but because of the poor statistics this is not seen as a significant inverse trend to the general feature of decreasing upset rate with total dose exposure.
A further investigation of the upset sensitive areas is shown in Figure 10 where all of the auxiliary circuitry (the buffer, control, and decode circuitry at the ends of the dRAM, see Figure 2 ) was masked. Note that the basic features are still the same.
The FF error rate here, although trending downward, exhibited an oscillatory pattern and seemed to depend on whether the preceding total dose exposure had been performed with an FF or a 00 fill. All of these data indicate that: 1) upsets are primarily due to ion strikes on cells or bit lines and not sense amplifiers themselves and 2) the decrease in upset rate because of total dose exposure is due to effects on memory cell capacitors, selection transistors, or bit lines.
DISCUSSION
Irradiation of an MOS device can result in long term changes in operating parameters due to both a buildup of charge in the oxide insulator and an increase in the number of interface states at the oxide-semiconductor interface. Both of these effects depend on the voltage applied to the device during irradiation, being largest for positive bias on the gate with respect to the semiconductor. Both of these effects result in a shift in the threshold voltage for inversion or a shift along the voltage axis in the capacitance versus voltage (C-V) characteristics of an MOS capacitor. In devices such as NMOS dRAMs, the shift due to the charge buildup is in the negative voltage direction, but the shift due to interface states is in the opposite direction. Which one of these dominates depends on the quality of the SiO2.
We believe that the observed decrease in upset sensitivity with total dose may be due to radiation-induced charge build-up in the gate oxide of the storage capacitor.
Since the storage capacitor of a dRAM is in deep depletion, the depletion depth can be greater than its equilibrium value. The radiation-induced negative shift of the C-V curve results in an increased surface potential, a greater depletion depth, and hence more charge storage capacity. In other words the layer of trapped positive charge at the silicon-silicon dioxide interface results in a greater potential drop across the silicon and less across the oxide, when the total potential between the gate and the silicon substrate is kept constant. The device will operate correctly as long as sufficient current is provided to empty and fill the well within the required times, but the increased charge storage capacity will make the dRAM less sensitive to upset. This speculation depends critically on the assumption of a net negative threshold voltage shift, which in turn depends on the importance of interface states which at this point is unknown for these specific devices. It is felt, however, that with the commercial processes used for these devices oxide charge will be the most important factor.
Eventually the threshold shifts will also affect the switching transistors and other aspects of device operation such that other failure modes take over which may be responsible for the increase in upset rate seen for some devices near the end of their lifetime. Since the results for cobalt-60 and helium ions was so similar, displacement effects are probably not an important factor.
As a byproduct of the SEU rate measurements, information was obtained on the total dose at which device failure occurs. For cobalt-60 gamma rays the power on and off doses to produce failure in TI dRAMs were about 1.8 and 2.7 krad(Si) respectively. The corresponding numbers for 3.3-MeV 4He ions were about 70 and 140 krad(Si). For Motorola dRAMs power-on failure under 3.3-MeV 4He ion bombardment occurred at 140 krad(Si). Two TI devices were also exposed (powered) to a 3.0-MeV proton beam. As expected, no SEUs were caused by the proton beam, but total dose failure was determined to occur at about 10 krad(Si). The fact that different doses are required for different forms of radiation to produce permanent failure of the device is believed to be due to different electron-hole recombination rates in the gate oxide layers. The ratio between the cobalt-60 gamma-ray and proton doses is in agreement with the measurements of Brucker et a117 which compare the effectiveness of various forms of radiation in producing threshold voltage shifts in MOS inverters.
Conclusions
These new results show that the SEU rate of MOS dRAMs decrease with total dose exposure, both for 4He ions and cobalt-60 gamma rays, a result unexpected on the basis of previous observations, which may be applicable to other electronic microcircuits. It also has been shown that backup devices carried on board a spacecraft and stored in an unbiased condition may experience a different variation of SEU rate than operating devices. The results have also confirmed that different forms of radiation have different effects on electronic microcircuits. Expressing the total dose hardness of a circuit in terms of rad(Si) of cobalt-60 gamma rays will overestimate the radiation sensitivity of these circuits in those space environments where protons and cosmic ray heavy ions are the major factors.
